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Unification of trap-limited electron transport in
semiconducting polymers
H. T. Nicolai1, M. Kuik1, G. A. H. Wetzelaer1, B. de Boer1, C. Campbell2, C. Risko2, J. L. Brédas2,4
and P. W. M. Blom1,3*
Electron transport in semiconducting polymers is usually inferior to hole transport, which is ascribed to charge trapping on
isolated defect sites situated within the energy bandgap. However, a general understanding of the origin of these omnipresent
charge traps, as well as their energetic position, distribution and concentration, is lacking. Here we investigate electron
transport in a wide range of semiconducting polymers by current–voltage measurements of single-carrier devices. We
observe for this materials class that electron transport is limited by traps that exhibit a Gaussian energy distribution in the
bandgap. Remarkably, the electron-trap distribution is identical for all polymers considered: the number of traps amounts to
3×1023 traps per m3 centred at an energy of∼3.6 eV below the vacuum level, with a typical distribution width of∼0.1 eV. This
indicates that the electron traps have a common origin that, we suggest, is most likely related to hydrated oxygen complexes.
A consequence of this finding is that the trap-limited electron current can be predicted for any polymer.
During the past two decades, semiconducting polymers havebeen investigated intensively for use in polymer light-emitting diodes1 (PLEDs), organic photovoltaic cells2, or
field-effect transistors (FETs). Crucial for efficient device operation
are the charge-transport properties of both holes and electrons. The
semiconducting polymer poly(p-phenylene vinylene) (PPV) and its
derivatives have served asmodel compounds for the investigation of
charge transport in PLEDs and polymer solar cells3. During the past
decade, it has been established that hole transport in PPVderivatives
is governed by trap-free space-charge-limited conduction, with the
mobility depending on the electric field and charge-carrier density4.
These dependencies are generally described in the framework of
hopping transport in a Gaussian density of states distribution5.
The electron transport in most semiconducting polymers exhibits a
markedly different behaviour: themagnitude of the electron current
is often found to be considerably smaller than the hole current,
a feature that has no intrinsic origin6. Furthermore, the electron
current is characterized by a much steeper voltage dependence,
accompanied with a strong thickness dependence7. This behaviour
is generally attributed to trap-limited conduction (TLC), with the
electron traps distributed exponentially in the bandgap8. However,
the trap density, position in the bandgap, energetic distribution and
their origin are not unambiguously known. The trap states have thus
far been related to intrinsic defects (such as kinks in the polymer
backbone)9, to impurities remaining from the synthesis, and/or to
contamination from the environment10. Furthermore, because the
recombination process in PLEDs seems to be dominated by trap
sites11–13, this lack of knowledge severely hampers the realization of
predictive PLED models. In this article, we investigate the electron
transport of nine well-known polymers that are used as active layers
in PLEDs or organic photovoltaic cells. The lowest unoccupied
molecular orbital (LUMO) levels (Table 1) of these polymers cover
a range of more than 1 eV. From single-carrier current–voltage
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Table 1 |Trap parameters determined by numerical fitting the
electron transport with the Gaussian trap model.
Polymer LUMO σ Nt Et Reference
(eV) (eV) (×1023 m−3) (eV)
NRS–PPV −2.7 0.125 1.3 0.76 18
OC1C10–PPV −2.8 0.110 1.3 0.70 16,18,24
P3HT −3.0 0.098 4.0 0.59 4,26,27
F8BT −3.3 0.130 3.0 0.55 16,20,21
PF10TBT −3.4 0.100 1.8 0.34 50
PCPDTBT −3.6 0.090 4.0 0.21 22,23
The width of the Gaussian trap distribution was assumed to be equal to the width of the LUMO,
which was estimated from the temperature dependence of the zero-field hole mobility.
measurements and numerical modelling it is demonstrated that
these polymers exhibit a common trap level that is probably related
to hydrated oxygen complexes.
As a first step we have measured electron and hole currents
for a variety of polymers. Figure 1 shows a comparison of




and poly(9,9-dioctylfluorene-alt -benzothiadiazole) (F8BT). The
hole currents for these three polymers correspond to trap-free
space-charge-limited transport. It is observed that the difference
between the electron current and hole current is decreasing when
going from OC1C10–PPV via F8BT to PCPDTBT, indicating that
electron trapping effects are reduced. This can be either the result
of a reduced amount of traps or of traps that have become
more shallow. Figure 2a shows the current-density–voltage (J–V )
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Figure 1 | Comparison of electron and hole current. a, OC1C10–PPV,
b, F8BT and c, PCPDTBT.
characteristics for various polymer-based electron-only devices
on a double logarithmic scale. It can be observed that the J–V
curve of OC1C10–PPV has a slope of approximately six, whereas
the J–V curve of PCPDTBT has a slope close to three. The slope
is typically related to the position and energetic distribution of
traps in the bandgap. To unify these results Fig. 2b depicts the
double logarithmic slope of the electron current for a larger range
of polymers versus their LUMO level (electron affinity). A clear
trend can be observed that suggests a universal behaviour, namely
that polymers with a deeper LUMO level exhibit a weaker voltage
dependence of the electron current. Furthermore, for polymerswith
a lower LUMO level not only the voltage-dependence of the electron
current reduces, but also the magnitude of the electron current
approaches that of the hole current (Fig. 1).
Recently, we showed that the electron transport in three PPV
derivatives can be described with a Gaussian distribution of trap
states14. The electron transport of these PPV derivatives were
modelled by incorporating a single Gaussian distribution of trap
states, located ∼0.7 eV below the LUMO of PPV. For such a
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Figure 2 | Electron transport in different polymers. a, Electron currents in
diodes made from polymers with LUMO values ranging from−2.8 to
−3.6 eV. The dotted lines are fits to a power law. b, The slope of the
electron-only J–V curves on a double-logarithmic scale. The value of the
slope was determined by fitting the experimental J–V curve with a power
law. The dotted line indicates a slope of 2 as observed for trap-free
space-charge-limited currents.
depends on the trap depth, with a deeper trap yielding a steeper
J–V characteristic. Here, we apply the Gaussian trap model to
describe the electron transport measurements of the nine polymers,
as partly shown in Fig. 2a.
Tomodel the TLC, the intrinsicmobility of the free electrons also
needs to be known. Zhang and co-workers recently demonstrated
an equal mobility for holes and electrons in MEH–PPV by
deactivating traps through n-type doping15. Furthermore, it was
previously observed that awide range ofmaterials exhibit ambipolar
transport in FETs, with similar mobilities for electrons and holes16,
which is consistent with the quantum-chemistry results8. Assuming
these similarities hold true in the present systems allows us to
independently determine the electron mobility parameters from
hole-only diodes. The measurement of hole transport in polymers
with a deep lying HOMO level (high ionization potential), such
as F8BT, was enabled by the use of MoO3 as a hole injection
layer17. The width of the Gaussian density of states distribution σ
of the HOMO and LUMOwas then determined from temperature-
dependent measurements18. To further limit the number of free
parameters, we assume that the width of the Gaussian trap
distribution σt equals σ , with the rationale that the width of the
trap distribution is related to the width of the LUMO as both will
be governed by the same disorder.
The temperature-dependent electron transport wasmodelled for
all polymers listed in Table 1, with only the trap densityNt and trap
depth Et as free fit parameters (see Supplementary Information).
Interestingly, for all the polymers with a TLC, the amount of traps
is nearly equal, with a typical concentration of 3×1023 traps per m3.
Thus, the only parameter that has to be adjusted to explain the
NATURE MATERIALS | VOL 11 | OCTOBER 2012 | www.nature.com/naturematerials 883
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Figure 3 | Schematic representation of the energies of the LUMO and the
centre of the trap distribution. The solid lines indicate the LUMO level and
the dashed lines indicate the trap level.
TLC of the various polymers is the trap depth Et. It should be
noted that for polymers with the LUMO approaching the trap
distribution at −3.6 eV, the trap distribution starts to overlap with
the LUMO. In this regime the trap states may start to participate
in the charge transport and the TLC model will become less
accurate. Figure 3 depicts an energy-level diagram containing the
polymer LUMOs and corresponding trap depths. The resulting trap
energies strongly point to a common trap distribution, located at
an energy of ∼3.6 eV below the vacuum level. This is a remarkable
result. First, it allows us to predict the trap-limited electron current
in any conjugated polymer, which was previously not possible.
Prediction of the electron current only requires that two parameters
be known: the polymer’s hole mobility and the position of its
LUMO level. With the total amount of traps being constant at
3×1023 traps perm3 and the trap distribution fixed at −3.6 eV, all
electron trap-related parameters are known.
It should be noted that in the above-mentioned analysis the J–V
modelling yields a trap depth Et that is relative to the LUMO level
of the polymer. For PPV we verified that the obtained trap depth of
∼0.7 eV from J–V modelling was independently confirmed by two
optical techniques, photocurrentmeasurements and photo-thermal
deflection spectroscopy19. The assignment of an absolute energy to
the determined trap level, as done in Fig. 3, therefore strongly relies
on how accurately the LUMO level of the investigated polymers
is known. The LUMO level is typically determined directly by
cyclic voltammetry (CV) measurements or inverse photoelectron
spectroscopy, or indirectly by means of ultraviolet photoelectron
spectroscopy (UPS) by adding the optical bandgap to the ionization
potential (in which case the exciton binding energy has in principle
to be taken into account). Owing to the various methods used, the
LUMO values reported in literature vary by typically 0.2 eV for the
same polymer. It should be noted, however, that the range of LUMO
energies of the polymers evaluated in this work (>1 eV) greatly
exceeds the error margin of the LUMO energy. As an example
we consider the LUMO levels of three polymers characterized in
Fig. 1. The HOMO level of F8BT has been determined with UPS
measurements and CV measurements to be −5.9 eV (refs 16,20,
21). Combined with an optical gap of 2.6 eV this yields a LUMO
level of −3.3 eV. Similarly, the LUMO level of PCPDTBT has
been estimated using both UPS and CV at −3.6 eV (refs 22,23).
Finally, the LUMO level of OC1C10–PPV has been reported at
−2.8 eV (refs 16,24). Thus the difference between the LUMO levels
of F8BT, PCPDTBT and OC1C10–PPV is larger than the spread
in experimental results. Therefore, the trend observed in Figs 2
and 3 that leads to a universal trap level is valid. However, we
note that there is a disagreement in the reported P3HT LUMO
values. In a recent report by Kahn and co-workers the LUMO
level of poly(3-hexylthiophene) (P3HT) was determined by inverse
photoelectron spectroscopy measurements at −2.13 eV (ref. 25).
This is in contrast to previous estimates of the P3HT LUMO energy
of ∼3 eV below vacuum26,27. The value of −2.13 eV would put the
determined trap depth of P3HT well outside the observed trend.
A difference between P3HT and the other polymers considered is
that P3HT has the tendency to crystallize, depending on the degree
of regioregularity28. Therefore a P3HT layer typically consists of
both crystalline and amorphous regions (having a larger bandgap).
As a result the measured energies will be dependent on the
composition of the surface.
A second consequence of our findings is that electron traps in
conjugated polymers seem to have a common origin. If the electron
traps simply result from structural defects such as kinks, then the
trap density would be expected to change over many orders of
magnitude because different polymers have different stiffnesses and
degrees of crystallinity. A more likely origin would be a chemical
defect related to water or oxygen29,30. In earlier work by de Leeuw
and co-workers, the redox potential of water was determined to
be −0.658V versus saturated calomel electrode (SCE; ref. 31).
From this it was reasoned that n-type materials are stable against
ambient atmosphere when their LUMO is deeper than −4 eV.
This was in agreement with measurements on FETs where ambient
stability was observed in materials with such a deep-lying LUMO
level32. Here, by systematically varying the polymer LUMO levels,
we demonstrate the presence of a universal electron trap around
−3.6 eV in diodes fabricated and characterized in inert atmosphere.
Thus, it seems that these traps are already present in the material
after synthesis, and are not necessarily related to ambient stability.
As shown in Fig. 2b for organic semiconductors with LUMOs
deeper than−3.8 eV, such as [6,6]-phenyl C61-butyric acid methyl
ester (PCBM) and poly[{N ,N ′-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl}-alt -5,5′-(2,2′-bithiophene)]
(P(NDI2OD-T2)), the transport is trap-free, space-charge-limited,
and characterized by a quadratic current–voltage dependence
(slope 2). The fact that the trap levels are energetically not
that far away from the redox potential of water could indicate
that the universal electron traps in conjugated polymers are
water-related complexes. Techniques such as thermally stimulated
currents and deep level transient spectroscopy have been commonly
used to obtain information on the properties of traps33,34. For
PPV derivatives, these measurements revealed the existence of
electron traps with trap depths between 0.5 and 1.0 eV, in good
agreement with the trap depth found in this work. Furthermore,
thermally stimulated currents measurements on the small molecule
tris(8-hydroxyquinoline)-aluminium (Alq3) revealed a trap depth
of∼0.4 eV, which, together with the LUMO value of Alq3 of 3.2 eV,
amounts again to 3.6 eV (refs 35,36).
To elucidate the origin of the electron traps, we carried out a
series of quantum-chemical calculations to examine how potential
defects within the polymer thin films could act as electron trap
sites. We have considered: the presence of defects along the chains
ranging from photo-oxidation products to halogen termination;
the incorporation of water molecules which interact with the
surrounding polymer chains; and the presence of hydrated oxygen
complexes. It must be borne in mind that the geometric, electronic
and ionization properties of the complexes and photo-oxidation
products investigated here will depend to some extent on the details
of the geometric constraints due to the environment as well as on
the polarizability of the surroundingmedium at the locations where
these defects are found in the polymer matrix. Thus, at this stage,
the calculations reported here should not be expected to deliver a
full quantitative description; rather, they will serve to provide useful
insight into the nature of possible trap sites and to start unravelling
the complexity of the chemical landscape in conjugated polymers.
Previous photoelectron spectroscopy and quantum-chemical
studies suggested that water molecules appearing within PPV
can form complexes with the PPV backbones and modify the
884 NATURE MATERIALS | VOL 11 | OCTOBER 2012 | www.nature.com/naturematerials
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Figure 4 | The influence of water complexation on the electron affinity of PPV was studied for three oligomer conformations. a, A twisted oligomer with
H2O interacting with the pi-cloud. b, A planar oligomer with H2O interacting with H on vinylene. c, A planar oligomer with H2O interacting with vinylene.
Oligomers with 2, 4, and 6 benzene rings, both with and without water present, were considered. Carbon, hydrogen and oxygen atoms are represented in
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Figure 5 | Possible poly(paraphenylenevinylene) and polythiophene photooxidation products considered here.
polymer ionization energies37. Following the model complexes
investigated in these earlier studies, we evaluated a series of PPV
oligomers (containing up to six phenylene rings) interacting with
a single water molecule; we note that the calculations explicitly
incorporate dispersion effects in the complexes and implicitly take
account of the polarization effects induced by the environment
using a dielectric continuum model (with ε= 3.0). Three complex
configurations were considered, as shown in Fig. 4: a twisted
oligomer with H2O interacting with the pi-cloud; a planar oligomer
with H2O interacting with a hydrogen on a vinylene moiety; and a
planar oligomer with H2O interacting with a vinylene moiety. In all
cases, only modest changes to the oligomer vertical electron affinity
(and LUMO energy) are obtained. Here, an increase in electron
affinity means an increase in the exothermicity of the reaction
corresponding to the addition of an extra electron; thus, defects
producing an electron affinity increase lead to the appearance of
states in the gap. A maximum increase in vertical electron affinity
of ∼0.20 eV is calculated for the shorter isolated (ε = 1) planar
oligomers, a value that reduces to just 0.10 eV for the oligomer
with six phenylene rings. This indicates that the formation of a
water/oligomer complex is not sufficient to significantly affect the
electronic properties of the oligomer.
On the basis of reports describing the polymer photo-oxidation
products that can form in the presence of water and oxygen,
we examined a variety of polymer photo-oxidation defects for a
series of oligophenylenevinylenes and oligothiophenes, see Fig. 5. In
oligophenylenevinylenes, photo-oxidation leading to the formation
of a carbonyl group on the vinylene moiety38 provides only a small
increase of the vertical electron affinity and LUMO energy (by less
than 0.10 eV). Furthermore, it has been shown that photo-oxidation
can also result in the formation of aldehyde or carboxylic acid
end groups39; such defects increase the vertical electron affinity in
the shorter oligomers by a maximum of ∼0.30 eV and ∼0.20 eV,
respectively; again the increase reduces in longer oligomers, to
∼0.10 eV. In the case of oligothiophenes, we considered the pres-
ence of sulphone or sulphoxide defects. Here, the vertical electron
affinity increases substantially, by approximately 0.60 eV and
0.40 eV, respectively. As anticipated, the formation of a hydroxyl
group on the alkyl side-chain induces no change in vertical electron
affinity. As well as the photo-oxidation defects, we examined the
potential impact of terminal bromine atoms that could be remnant
from the polymerization process; in the case of oligothiophenes, the
vertical electron affinity stabilizes by less than 0.10 eV.
Thus, the calculations discussed above indicate that, with the
possible exception of sulphone defects on polythiophene chains,
the impacts of water complexation and defects along the oligomer
chains in general lead to increases in electron affinity that are well
short of the trap depths determined experimentally, for instance,
depths of 0.7 eV in the PPV derivatives. As a result, we are still in
need of finding the origin of the ubiquitous deep trap site around
3.6 eV below the vacuum level. Recently, Zhuo and co-workers
suggested that a number of hydrated oxygen complexes could serve
as photo-dopants in polythiophenes40. These authors considered
the electron affinities of such complexes measured in the gas
phase, that is, 1.42 eV for the H2O–O2 complex and 2.25 eV for
the (H2O)2–O2 complex41. Then, they simply applied a 1.5 eV rigid
shift to account for polarization effects in the solid state; this leads
to estimated solid-state electron affinity values of 2.9 and 3.7 eV,
respectively, which in the latter case matches well the trap energies
measured in our work. (We note that, even though the hydrated
oxygen complexes may seem to be simple oxygen molecules bound
to one or more water molecules, the quantitative determination
of the binding geometry and electron affinity of such complexes
requires the use of highly correlated wavefunction methods; as the
NATURE MATERIALS | VOL 11 | OCTOBER 2012 | www.nature.com/naturematerials 885
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influence of the polymer matrix can also alter the binding geometry
and ionization properties of the complex, quantitative evaluation
of such complexes within the polymer matrix are beyond the scope
of the present work.)
Therefore, it is important to assess whether the assumption of
Zhuo and co-workers that there occurs such a 1.5 eV increase in
electron affinity when these complexes form in a dielectric medium
is indeed reasonable. To investigate this aspect in more detail, we
studied at both MP2 and density functional theory (DFT) levels
of theory a series of H2O–O2 complexes whose configurations
were taken from previous theoretical work42,43. Evaluation of the
vertical electron affinities for these complexes in the presence of
a continuum dielectric (ε ≈ 2–10) confirms that the surrounding
medium leads to an increase in electron affinity with respect to
the gas phase by up to 1.6 eV (see Supplementary Information).
Thus, the results of these calculations are consistent with the fact
that hydrated-oxygen complexes can provide electron trap sites
with an energy corresponding to those measured in this work,
with the (H2O)2–O2 complex as a likely candidate. We note that
the increased electron affinity occurring on water complexation to
an oxygen molecule originates in the reduced electronic density
on the O2 moiety as a result of its lone pairs being involved in
hydrogen bonds. Further theoretical studies are being carried out
to provide more insight into these complexes and their influence
on charge transport.
In conclusion, we have shown that the electron transport of a
number of polymers covering a wide range of electron affinities
can be described by a common electron-trap distribution. The trap
depths seem to be directly related to the electron affinity of the
polymer, revealing that the polymers exhibit a common Gaussian
electron-trap distribution, centred at approximately Etrap ≈ 3.6 eV
below the vacuum level. This trap distribution consistently explains
the relation between slope of the (log–log) J–V curve slope
and the LUMO level of the polymer. Moreover, it demonstrates
that balanced trap-free charge transport can only be obtained in
polymers with an electron affinity larger than 3.6 eV. Quantum-
chemical calculations point to bishydrated-oxygen complexes as a
likely origin of the electron traps in semiconducting polymers.
Methods
The electron current was measured using sandwich-type electron-only devices.
Aluminium bottom contacts were used as hole-blocking anodes. The polymer layers
were spin-coated from a toluene or chloroform solution in a nitrogen atmosphere.
The cathode consisted of a 5 nm barium layer capped with a 100 nm aluminium
layer. The contacts were deposited by thermal evaporation (chamber pressure
about 10−6 mbar). The devices were characterized in a nitrogen atmosphere using a
computer controlled Keithley 2400 SourceMeter.
All DFT—making use of the dispersion-corrected B97D functional44—and
MP2 calculations were carried out in conjunction with the 6-311++G** basis set.
The ground-state oligomer–H2O complexes were fully optimized at the DFT level.
In the case of the photo-oxidation products, to be able to investigate the evolution
of the geometric structure for long oligomers, the oligomer geometries in this series
were first optimized at the semiempirical AM1 level of theory; these geometries
were subsequently used in the evaluation of the electronic structure and electron
affinity at the DFT B97D/6-311G** level of theory.
The conductor-like polarizable continuummodel45–48 was used to evaluate the
influence of the dielectric environment (ε≈ 2–10) on the vertical electron affinities
for the ‘gas-phase’-determined geometries. All electronic structure calculations
were carried out with the Gaussian 09 (Revision A.02; ref. 49) software.
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